Hydrothermally grown n-type ZnO samples have been investigated by deep level transient spectroscopy (DLTS), thermal admittance spectroscopy (TAS), temperature dependent Hall effect (TDH) measurements, and secondary ion mass spectrometry (SIMS) after thermal treatments up to 1500 • C, in order to study the electrical properties of samples with different lithium content.
I. INTRODUCTION
Zinc oxide (ZnO) is a wide band gap semiconductor (E g 3.4 eV ) that has received considerable attention during the last few years due to its potential applications for light emitting devices and photovoltaics. However, the technological advances of ZnO have been hindered by the difficulty in controlling and understanding the electrial behavior of intrinsic and impurity related defects. Lithium is one of the most important impurities from both a scientific and a technological point of view; indeed, hydrothermally grown ZnO normally contains considerable amount of Li ( 10 17 cm −3 ), and it has been proposed that Li can act both as a donor and an acceptor, depending on the atomic configuration. Theory suggests that Li on a zinc site (Li Zn ) is a shallow acceptor, while Li on an interstitial site (Li I ) is a donor [1] [2] , and this is supported by, e.g., electron paramagnetic resonance (EPR)
data [3] [4] . The presence of Li can, therefore, result in self-compensation and increase of the resistivity, which is often observed in hydrothermally grown ZnO [5] . It should also be mentioned that Li is considered to be involved in a deep band gap state [6] , but this state may arise from a complex defect with Li as only one of several constituents [2] . [18] .
In this work, we report on impurity concentrations and electrically active defect centers in hydrothermally grown ZnO using TDH, DLTS, TAS, and secondary ion mass spectrometry (SIMS). In particular, the role of Li is investigated in detail employing samples heat treated up to 1500 • C, yielding a decrease in the Li concentration by almost three orders of magnitude, and the results provide evidence that Li Zn prevails strongly in n-type samples, preventing detection of the donor state ascribed to Li I .
II. EXPERIMENTAL
Hydrothermally grown ZnO wafers purchased from SPC Goodwill have been cut in 5 × 5 mm samples. The resistivity at room temperature (RT) of the as-grown wafers was above 1kΩcm for all the wafers except one, which had a resistivity of ∼ 120Ωcm (Sample 1), as deduced from four-point probe measurements. The samples, labelled 1 to 10, were subjected to heat treatments in ambient air at temperatures up to 1500 • C, see Table I . After heat treatment at and above 1250 • C the surface roughness of the samples increased considerably (rms ∼ 3 μm) and the samples were then mechanically polished using a diamond suspension with grain sizes from 15μm down to 0.25μm, reducing the surface roughness to ∼ 10nm [19] . For all the measurements, the O-face (0001) was used as front surface.
TDH measurements were carried out on the samples 2,5,7 and 10. Using a Van Der Pauw configuration, an In drop was soldered as Ohmic contact in the corners of the samples. The TDH scans were performed in the temperature range 35-330K with a probing magnetic field strength of 0.6T. All the measurements were undertaken with the samples in vacuum and no exposure to light.
For TAS and DLTS characterization, the samples were subjected to a pretreatment for 5 min in acetone, ethanol and hydrogenperoxide before 100nm thick Pd contacts with diameters between 0.275 and 0.78 mm were deposited using e-beam evaporation. A post-deposition treatment of the contacts at 200 • C for 30 min was employed, resulting in a rectification of the current by 2-4 orders of magnitude between forward and reverse bias, as observed by current-voltage (IV) measurements. No rectifying behavior was observed for sample 2 due to the high resistivity, and this sample was not subjected to TAS and DLTS characterization. In fact, except for sample no. 1 a post-growth treatment at temperatures ≥ 100 • C was found necessary in order to obtain reliable Schottky barrier contacts. The DLTS and TAS measurements were performed using a setup described in detail elsewhere [20] [15] , and results for the net carrier concentration, deduced from capacitance-voltage (CV) measurements performed at RT with probe frequency of 1 MHz, are depicted in Table I . The data exhibit an increasing trend with annealing temperature, in accordance with that reported in Ref. [21] .
The chemical characterization was carried out by SIMS using a Cameca IMS 7f instru- During heat treatment above 1000 • C, a build-up of Li in the near surface region occurs [21] [19] [8] and the accumulation increases with temperature, concurrent with the increase in surface roughness. However, the mechanical polishing, discussed previously and undertaken on samples annealed at and above 1250 • C, does not only improve the surface smoothness but removes also the layer with accumulated Li. More than 50μm of the samples thickness was removed by polishing the O-face, which is sufficient to record constant concentration versus depth profiles during subsequent SIMS analysis [8] . Hence, the impurity concentrations determined by SIMS and discussed in section III represent true bulk values. Figure 1 shows typical TAS spectra for four different measurement frequencies. For a measurement frequency of 1 MHz the capacitance, Fig. 1(b) , displays a slow decrease when cooling down from room temperature to ∼ 130K. Then carrier freeze-out starts to occur with a characteristic temperature t set equal to 105 K, which corresponds to the position of half of the amplitude of the capacitance step. Concurrently, G(ω)/ω reaches a maximum at t set , Fig. 1(a) , and the energy position of the freeze out level was found to be 55 meV below It should also be noted that the charge carrier concentration exhibits an increasing trend with increasing annealing temperature, see at RT). Likewise, the mobility is low for the as-grown sample, while a pronounced increase is observed for the heat treated ones, with a peak mobility up to 1180 cm 2 /V s. If these results are combined with those reported by Schifano et al. [14] , unambiguous evidence is obtained for a large reduction in ionized impurity/defect scattering after the heat treatment. Here, it should be noted that the mobility is higher for the samples treated at 1300 and 1400 • C (nos. 5 and 7) compared to that for the 1500 • C treated sample (no. 10), possibly indicating that "new" scattering centers are activated in the latter sample.
III. RESULTS
The concentration of the most pronounced impurities has been determined using SIMS, in order to obtain a uniform impurity concentration throughout the samples. These results are in accordance with previous findings, where heat treatments above 1000 • C yielded a reduction in the Li concentration with a correlated decrease in the resistivity [21] .
IV. DISCUSSION

A. DLTS and TAS measurements
The low carrier concentration in the as grown samples as well as the SIMS data suggest that Li is in sufficient amount to control the electrical conductivity over other electrically The level around E c − 0.3 eV revealed by DLTS, Fig. 3 , is commonly labelled E3 in accordance with Ref. [7] . The level appears to be present in all kinds of ZnO materials [7] [13] [22] , irrespective of the growth technique used. E3 has been attributed to oxygen vacancies [10] , but impurities like Fe and Ni, and the second ionization level of Zn I have also been proposed [11] [12] . The amplitude of E3 changes with annealing temperature, as seen in Fig. 3 ; it increases reaching a maximum at ∼ 1250 • C, before decreasing by about a factor ∼ 4 between 1250 • C and 1500 • C (samples 4-10). Here, it should be mentioned that the rise in amplitude after treatment up to 1250 • C may partly be due to incomplete filling of the level in the highly resistive (as-grown) sample no. 1 and possibly also to some extent in sample no. 3.
The level E4 is also frequently observed [7] [25], but not in all studies [12] [9] . It has been suggested that E4 is the singly negative charge state of the oxygen vacancy [23] , although the identification is rather tentative.
B. Simulation of Hall effect data
The experimentally observed temperature dependent charge carrier concentration and mobility have been modeled and simulated in order to extract information about the defect levels present, and the procedure follows that of [14] . In the simulations, three donor levels, as-grown samples [9] [14] and/or that the rate of electron emission deduced by DLTS for the donor-like E3 level is somewhat enhanced by the electric field present during reverse biasing Table II, and Figs. 7 and 8 compare the measured and simulated carrier concentration and mobility values for samples nos. 2 and 7. Note that the variation of the Hall coefficient with temperature is taken into account and the modelling is optimized with respect to the conductivity mobility.
The sum of the individual donor concentrations given in Table II agrees within 10% with the charge carrier concentration obtained by CV measurements, Table I . This holds for all Table II 
[E D3 ] in sample no. 2 is about one order of magnitude higher than in the annealed samples, Table II . This trend is fully consistent with the DLTS results for E3 showing a decrease in concentration from ∼ 2 × 10 16 cm −3 in sample no. 4 (1250 • C ) to 6 × 10 15 cm −3 in samples 5-10 (≥ 1300 • C anneals), Fig. 3 . Furthermore, previous TDH and TAS studies [14] of as-grown samples of similar kind as used in this work reveal also a high initial concentration of E3 (∼ 1 × 10 17 cm −3 ). Hence, combining all these data from DLTS, TDH, and TAS measurements, it appears that E3 occurs with a concentration of ∼ 1×10 17 cm −3 in as-grown HT samples, which remains stable for annealing up to ∼ 1200 • C before a decrease by about one order of magnitude takes place at higher temperatures. This annealing behavior of E3 does not correlate with the temperature dependence of the concentration of any of the major impurities detected by SIMS, Fig. 6 , and thus, an assignment of E3 to an impurity is not supported but rather an intrinsic defect.
Interestingly, the E c − 55meV level is still present and dominant in sample nos. 5,7 and 10, although the level is not observed by TAS, favoring the explanation ii) in section IV.A. Moreover, the sum [E c − 55meV ] + [E c − 15meV ] is similar in all these three samples, implying that the large increase in mobility is mainly due to a reduction in the amount of compensating centers, which is fully supported by the large decrease in ionized impurity/defect scattering and [E A ] after heat treatment. Further, these results rule out any substantial generation of new electrically active defects due to the high-temperature anneals employed.
C. Influence of Li and other residual impurities
The SIMS data disclose several impurities with concentrations in the 10 17 cm −3 range ( Fig. 6) , and one can suspect that the carrier concentration is to a large extent governed by extrinsic defects/impurities. Li is, indeed, one of the main candidates, and it has been proposed that its amphoteric behavior results in self-compensation and an increase in the resistivity [5] . Thus, Li Zn is considered a major contributor to [E A ] [21] , which is strongly substantiated by the correlation between the present TAS/TDH data ( Fig. 2 and Table II) and the SIMS data in Fig. 6 [14] , and this proposal is supported by our SIMS and TAS data. The H concentration is below the SIMS detection limit (< 5 × 10 17 cm −3 ), but H is also a likely candidate for either the E c − 55meV or the [28] [29] , and is not likely to exist in a free (isolated) position [8] ; according to infrared absorption studies of similar samples as used in the present study the majority of the Hrelated absorption bands disappears after annealing at modest temperatures ( 600 • C) [30] .
On the other hand, Lavrov et al [27] have reported that the prominent H-related band at ∼ 3577cm −1 remains stable up to 1200 • C in hydrothermal samples. However, the 3577 cm −1 is primarily ascribed to a OH-Li complex, which can be regarded as a hydrogen-passivated temperatures freeze out takes place at the E c − 20 meV level. The TDH measurements show a significant increase in the mobility for the heat treated samples, where a peak mobility of 1180 cm 2 /V s is reached for a sample treated at 1300 • C. The results imply strongly that Li in n-type HT ZnO samples occurs almost exclusively in the substitutional (acceptor-like) form (Li Zn ), and theoretical predictions that the formation of Li Zn prevails over Li I for Fermi level positions at and above E g /2 are supported. The identity of the different levels observed is discussed and evidence is obtained for the involvement of Al in the E c − 55 meV defect while the E c − 0.3 eV level is considered to be of intrinsic origin.
